The upper cervical complex is a distinctive spinal area with a great need for mobility as well as stability. The specific anatomical morphology of the atlanto-occipital and of the atlanto-axial joints seems to support these complex functional demands. The present study reports on some systematic and non-systematic observations of specific morphological variations and variants of the upper cervical joint anatomy. They are reported with respect to morphological features of the transverse atlantal and alar ligaments, morphological features of the lateral atlanto-axial and atlanto-occipital joints, additional joint configurations of the atlanto-occipital junction, muscular attachments to the joint capsule of the lateral atlanto occipital joint, and the Processus styloideus in its relationship with movements of the upper cervical joints. The observations mainly confirm general anatomical descriptions from textbooks, although some confront with these basic anatomical configurations mainly due to large morphological variation. Additionally, specific anatomical variants may raise questions on the generally accepted functional anatomical features. Some of these specific morphological configurations may have major implications for the kinematics of the occipito-atlanto-axial complex. This paper intends to reflect on the functional impact of the observed upper cervical morphological variability.
Introduction
Upper cervical stability is a major issue in current orthopedic medicine and spinal neurosurgery. Nevertheless, the concepts of stability and instability are an issue of discussion among clinicians as well as among biomechanical specialists [1] . Panjabi defined instability as "a significant decrease in the capacity of the stabilizing systems of the spine to maintain inter-vertebral neutral zones within physiological limits so that there is no major deformity, neurological deficit or incapacitating pain" [2] . This definition includes aspects of physiological as well as structural concepts of stability. As such, it refers to the interaction between passive, active and controlling functional systems. Anatomical features may contribute to passive and active aspects of stability. The morphological configuration of joints can be considered one of the main determinants of joint function.
The upper-cervical spine needs sufficient mobility to afford orientation in space as well as sufficient stability to support the head and protect the spinal cord. This combination has made it a very atypical spinal area. The lack of inter-vertebral disks can be considered a major example of this atypical spinal morphology.
Inter-individual morphological variation is one of the main challenges for anatomists. Although all medical courses are based on descriptive anatomy and rely on classical anatomical drawings from an extensive library of anatomical atlases, in general little attention is given to human anatomical variability. Clinicians will become aware of this anatomical variation during their professional career and will have to learn to deal with it in ad hoc clinical situations. Anatomical variants can be considered an extreme of anatomical variation. Anatomical variants began receiving increasing attention following systematic studies of morphology, starting with the "Varietates Berolinensis" and extended in basic works mainly from the 19th century [3] [4] [5] . More recent work, digital databases, and on-line facilities have made this knowledge more accessible [6, 7] . Morphologic anomalies can be considered anatomical variations that may lead to impairment or loss of function.
The aim of the current study was to review the specific anatomical and morphological features of the upper cervical spine and to add to existing knowledge by documenting their anatomical variability. These observations may help clinicians to be aware of upper cervical morphological variability and help them in understanding how anatomy may contribute to functional demands concerning mobility as well as stability in this complex spinal area. The data are based on observations and digital recordings of 20 non-embalmed anatomical specimens and are discussed in the context of previously published data.
Experimental Section
Twenty fresh frozen cadaver specimens, 9 from male and 11 from female subjects (mean age 80˘11 years), were analyzed in order to study the specific morphology of the upper cervical ligaments and joints. Specimens were gathered from a body donation program (approved by the research commission of the Université René Descartes Paris 5, France, 2006).
The morphology was studied using a two-step 3D-digitizing technique to estimate absolute dimensions and relative orientations. During the first step, reference markers on the cranium, atlas, and axis were digitized using a 3D-microscribe-digitizer ( ® Immersion Corporation, San Jose, CA, USA). In a second step, the ligaments and joint capsules were dissected and the occiput, atlas, and axis were separated. Each anatomical segment was further analyzed, and a total of 96 anatomical references were digitized on the three segments. Finally, from the absolute data from step one and two, the relative coordinates of the anatomical landmarks were calculated by mathematical transformation of the dataset in order to create a 3D-reconstruction of all coordinates in a specimen-specific model. The methodology and results have been presented in detail elsewhere [8, 9] .
During the systematic dissection of 20 upper cervical spine specimens for the above-mentioned morphological study, additional observations were made of the specific anatomy of the area. These observations were documented and photographed.
Results

Morphological Features of the Transverse Ligament of the Atlas and the Alar Ligaments
The ligamentum transversum atlantis is an intrinsic ligament connecting two points on the same bony segment. In all specimens, the transverse ligament was inserted bilaterally on the tuberculum atlantis and ran transversally [8] . This is consistent with the literature [10] . This ligament divides the lumen of the atlas into two areas. The atlanto-odontoid joint is located anterior to the transverse ligament, while the medulla is situated posterior to it. The ligament had a mean length of 21.05 mm (˘3 mm) and a width of approximately 9 mm (9.2˘2.2 mm) (see Table 1 ) [8] . Considering the most dorsal aspect of the ligament relative to the areas of insertion, the ligament was positioned at a mean absolute angle of 119˝(˘17˝), but variation was observed from almost rectangular to nearly flat [8, 11] ( Figure 1 ). No correlation was observed between the dimensions of the transverse ligament of the atlas and its angle.
( Figure 1) . No correlation was observed between the dimensions of the transverse ligament of the atlas and its angle.
In general the ligament wraps around the dens, fixing the dens to the anterior arch of the atlas [12] . Moreover, in many cases, the ligament is covered with hyaline cartilage on the anterior aspect, via which it becomes a functional part of the atlanto-odontoid joint. To some extent this configuration resembles that of the proximal radio-ulnar joint in which the radial annular ligament arches around the circumferentia radii, fixing the radial head to the ulna. Among the examined specimens several exhibited degeneration of the hyaline cartilage layer similar to age-related changes in other synovial joints. The alar ligaments connect the cranial aspect of the dens to the occiput. In the analyzed specimens, all alar ligaments were attached to the medial side of the occipital condyles. Although many anatomical textbooks remain vague about the exact occipital insertion, this is consistent with the observations of other authors [12] . The overall length of the ligaments was 8.8 mm (±2.6 mm). The ligaments had a mean diameter of 7.3 mm (±1.9 mm), ranging from 2 mm to 10 mm (see table 1 ). The mean absolute angle between the left and right alar ligaments was 117° (±31°). There was no correlation between the length of the alar ligaments and their spatial orientation.
The ligaments, which consist predominantly of collagen fibers, are considered the main restraints in axial rotation mobility [13] . They are also considered the main determinants of the complex kinematics of motion coupling, with their orientation being the determining factor. Several authors have mentioned variability in alar ligament orientation [14] , especially in the frontal plane ranging from craniolateral to caudolateral [15] ; although a relationship with dens height has been suggested, this could not be demonstrated in more recent studies [16] . The plane of the alar ligaments showed a mean inclination of −10° with reference to the frontal plane of the axis, which indicates that it is predominantly inclined backward [17, 18] . However, large deviations were present, varying from almost horizontally posterior inclined to almost horizontally anterior. In the present study, 60% of the specimens showed a backward inclination (Figure 2 ). Such variation should make clinicians careful in explaining and testing the integrity of the ligament by manual testing [19] .
Some authors have described atlantal insertion of the alar ligaments [12, 20] . However, like other authors, we were unable to confirm this. Nevertheless, in nearly all specimens, soft connective tissue was present between the dens and the anterolateral arch of the atlas without a well-delineated insertion area. This is consistent with earlier observations [21] . Some authors observed an additional connection that they describe as the anterior atlantodental ligament, which may help to prevent posterior displacement of the dens [22] . In general the ligament wraps around the dens, fixing the dens to the anterior arch of the atlas [12] . Moreover, in many cases, the ligament is covered with hyaline cartilage on the anterior aspect, via which it becomes a functional part of the atlanto-odontoid joint. To some extent this configuration resembles that of the proximal radio-ulnar joint in which the radial annular ligament arches around the circumferentia radii, fixing the radial head to the ulna. Among the examined specimens several exhibited degeneration of the hyaline cartilage layer similar to age-related changes in other synovial joints.
The alar ligaments connect the cranial aspect of the dens to the occiput. In the analyzed specimens, all alar ligaments were attached to the medial side of the occipital condyles. Although many anatomical textbooks remain vague about the exact occipital insertion, this is consistent with the observations of other authors [12] . The overall length of the ligaments was 8.8 mm (˘2.6 mm). The ligaments had a mean diameter of 7.3 mm (˘1.9 mm), ranging from 2 mm to 10 mm (see Table 1 ). The mean absolute angle between the left and right alar ligaments was 117˝(˘31˝). There was no correlation between the length of the alar ligaments and their spatial orientation.
The ligaments, which consist predominantly of collagen fibers, are considered the main restraints in axial rotation mobility [13] . They are also considered the main determinants of the complex kinematics of motion coupling, with their orientation being the determining factor. Several authors have mentioned variability in alar ligament orientation [14] , especially in the frontal plane ranging from craniolateral to caudolateral [15] ; although a relationship with dens height has been suggested, this could not be demonstrated in more recent studies [16] . The plane of the alar ligaments showed a mean inclination of´10˝with reference to the frontal plane of the axis, which indicates that it is predominantly inclined backward [17, 18] . However, large deviations were present, varying from almost horizontally posterior inclined to almost horizontally anterior. In the present study, 60% of the specimens showed a backward inclination (Figure 2 ). Such variation should make clinicians careful in explaining and testing the integrity of the ligament by manual testing [19] .
Some authors have described atlantal insertion of the alar ligaments [12, 20] . However, like other authors, we were unable to confirm this. Nevertheless, in nearly all specimens, soft connective tissue was present between the dens and the anterolateral arch of the atlas without a well-delineated insertion area. This is consistent with earlier observations [21] . Some authors observed an additional connection that they describe as the anterior atlantodental ligament, which may help to prevent posterior displacement of the dens [22] . Beside morphological variability, anatomical variation concerning the continuity between left and right alar ligaments was observed. These observations are consistent with the five types of configurations described in the literature [17] . Type I alar ligaments show fully separated insertions on the dens. Type II ligaments are partially connected, while type III ligaments show complete connection with coverage of the tip of the dens. Type IV is similar to the previous configuration but without coverage of the tip of the dens. Type V is a combination of III and I. A separate portion of the connecting superior fibers of the alar ligaments, similar to type IV, has been described and is considered an anatomical variant known as the transverse occipital ligament [9, 23] . This was the case in one specimen in the present study ( Figure 3 ). Sup = superior; inf = inferior; ant = anterior, post = posterior; occ = occiput. SD: standard deviation.
Beside morphological variability, anatomical variation concerning the continuity between left and right alar ligaments was observed. These observations are consistent with the five types of configurations described in the literature [17] . Type I alar ligaments show fully separated insertions on the dens. Type II ligaments are partially connected, while type III ligaments show complete connection with coverage of the tip of the dens. Type IV is similar to the previous configuration but without coverage of the tip of the dens. Type V is a combination of III and I. A separate portion of the connecting superior fibers of the alar ligaments, similar to type IV, has been described and is considered an anatomical variant known as the transverse occipital ligament [9, 23] . This was the case in one specimen in the present study (Figure 3) . on the dens. Type II ligaments are partially connected, while type III ligaments show complete connection with coverage of the tip of the dens. Type IV is similar to the previous configuration but without coverage of the tip of the dens. Type V is a combination of III and I. A separate portion of the connecting superior fibers of the alar ligaments, similar to type IV, has been described and is considered an anatomical variant known as the transverse occipital ligament [9, 23] . This was the case in one specimen in the present study (Figure 3) . 
Morphological Features of the Lateral Atlanto-Axial and Atlanto-Occipital Joints
Cervical joint morphology shows important variability, while a narrow joint space approximating 1 mm seems to be one of the more stable observations [24] .
In the present dataset, the mean diameter of the superior joint surface of the axis was somewhat larger than the mean diameter of the inferior joint surface of the atlas (17.7˘1.5 mm vs. 16.8˘1.7 mm) [8, [25] [26] [27] [28] [29] . No significant differences were observed between the anterior to posterior diameter and the medial to lateral diameter of the joint surfaces, and the facets were almost round ( Figure 4 ). The surface area was calculated approximating the facet joint to a half ellipsoid. Using Knud Thomsen's Formula (S « 4π [(a p b p + a p c p + b p c p )/3] 1/p ) with p « 1.6075, it was possible to recalculate the area of the facet joints while also taking their depth into account. With this approach, the mean surface of the inferior left facet of the atlas was 215.3˘34.1 mm 2 , while the right facet was 212.8˘37.7 mm 2 . The surface of the superior left facet of the axis was 239.4˘39.8 mm 2 , and the right facet was 240.9˘43.1 mm 2 . Statistically speaking, these values are significantly different from previous calculations [9] . 
In the present dataset, the mean diameter of the superior joint surface of the axis was somewhat larger than the mean diameter of the inferior joint surface of the atlas (17.7 ± 1.5 mm vs. 16.8 ± 1.7 mm) [8, [25] [26] [27] [28] [29] . No significant differences were observed between the anterior to posterior diameter and the medial to lateral diameter of the joint surfaces, and the facets were almost round (Figure 4) . The surface area was calculated approximating the facet joint to a half ellipsoid. Using Knud Thomsen's Formula (S ≈ 4π [(a p b p + a p c p + b p c p )/3] 1/p ) with p ≈ 1.6075, it was possible to recalculate the area of the facet joints while also taking their depth into account. With this approach, the mean surface of the inferior left facet of the atlas was 215.3 ± 34.1 mm 2 , while the right facet was 212.8 ± 37.7 mm 2 . The surface of the superior left facet of the axis was 239.4 ± 39.8 mm 2 , and the right facet was 240.9 ± 43.1 mm 2 . Statistically speaking, these values are significantly different from previous calculations [9] . A biconvex configuration of the lateral atlanto-axial joints as described in the literature [20, 29, 30] could not be demonstrated in the present dataset. The mean heights of the joint surfaces of the atlas and the axis were very small (0-3 mm) (see table 2 ). This resulted in very small height-to-diameter ratios. Higher ratios between surface diameter and surface height reflect more curved joint surfaces. In this set of older aged specimens, the ratios varied from slightly negative to slightly positive values (−0.11 to 0.13), indicating variation from a slight concavity of the surface area to a slight convexity [9] .
The absolute angles between the left and right superior facet joints of the axis and inferior facet joints of the atlas were comparable (mean values 132.0° vs. 130.0°). The relative angles of the joint surfaces of the axis and atlas with reference to the sagittal and frontal planes of the axis had a mean A biconvex configuration of the lateral atlanto-axial joints as described in the literature [20, 29, 30] could not be demonstrated in the present dataset. The mean heights of the joint surfaces of the atlas and the axis were very small (0-3 mm) (see Table 2 ). This resulted in very small height-to-diameter ratios. Higher ratios between surface diameter and surface height reflect more curved joint surfaces. In this set of older aged specimens, the ratios varied from slightly negative to slightly positive values (´0.11 to 0.13), indicating variation from a slight concavity of the surface area to a slight convexity [9] .
The absolute angles between the left and right superior facet joints of the axis and inferior facet joints of the atlas were comparable (mean values 132.0˝vs. 130.0˝). The relative angles of the joint surfaces of the axis and atlas with reference to the sagittal and frontal planes of the axis had a mean value of 22.2˝for the inferior joint surfaces of the atlas and 24.0˝for the superior joint surfaces of the axis. Large standard deviations in the values for the angles to the frontal planes indicated that variation between specimens was extensive [9] . Nevertheless, the orientation of the joint surfaces with respect to the sagittal plane of the axis demonstrated good congruency between the axis and atlas (see Table 2 ).
The atlanto-occipital joint represents the most explicit convex-concave joint configuration in the spine [27] . The height of the occipital condyles varied from 0 to 5 mm, with the mean ratio between height and anterior to posterior diameter being 0.12 (range 0.09 to 0.20). Accordingly, the depth of the superior joint surfaces of the atlas varied from 0 to 4.7 mm, and the mean ratio was 0.12 (range´0.06 to 0.20). The joint facets on the occipital condyles and atlas facets were slightly more curved in the medial-lateral direction with respective mean ratios of 0.18 on the condyles (range 0 to 0.40) and 0.16 on the atlas facets (range´0.3 to 0.29) (Figure 5 [9] . Nevertheless, the orientation of the joint surfaces with respect to the sagittal plane of the axis demonstrated good congruency between the axis and atlas (see table 2 ). The atlanto-occipital joint represents the most explicit convex-concave joint configuration in the spine [27] . The height of the occipital condyles varied from 0 to 5 mm, with the mean ratio between height and anterior to posterior diameter being 0.12 (range 0.09 to 0.20). Accordingly, the depth of the superior joint surfaces of the atlas varied from 0 to 4.7 mm, and the mean ratio was 0.12 (range −0.06 to 0.20). The joint facets on the occipital condyles and atlas facets were slightly more curved in the medial-lateral direction with respective mean ratios of 0.18 on the condyles (range 0 to 0.40) and 0.16 on the atlas facets (range −0.3 to 0.29) (Figure 5 ). A study by Hallgren et al. described the differences between the orientation of the anterior and posterior aspects of the atlantal facets [31] , with the angulation between the two parts of the joint surface expressing the anterior to posterior curvature. The anterior to posterior curvature of the superior joint facet surfaces of the atlas increases from an average angle of 11.5° (+/−4.7°) at 1 year of age and asymptotically approaches an average angle of 43.5° (+/−13.4°) at 80 years of age. There is a direct relationship between age and the anterior to posterior curvature of the superior joint surfaces A study by Hallgren et al. described the differences between the orientation of the anterior and posterior aspects of the atlantal facets [31] , with the angulation between the two parts of the joint surface expressing the anterior to posterior curvature. The anterior to posterior curvature of the superior joint facet surfaces of the atlas increases from an average angle of 11.5˝(+/´4.7˝) at 1 year of age and asymptotically approaches an average angle of 43.5˝(+/´13.4˝) at 80 years of age. There is a direct relationship between age and the anterior to posterior curvature of the superior joint surfaces of the atlas that can be approximated (r 2 = 0.94) with a sigmoid function. Ninety percent of the final curvature is achieved at approximately 8 years of age. Diameters and heights are in mm, areas in mm 2 , angles in degrees; ratio = height/diameter; SD = standard deviation.
Additional Joint Configurations of the Atlanto-Occipital Junction
An additional joint between the dens axis and the occiput was present in one of the subjects ( Figure 6A ,B) known as a third or median occipital condyle configuration [32, 33] . It consisted of a synovial-like articulation with a distinctive concave joint surface on the occiput and a convex surface on the dens. The joint surface on the occiput was located anteriorly and centrally between the two occipital condyles on the edge of the foramen magnum. This accessory odonto-occipital joint had a hyaline cartilage layer that was concave in both the anterior to posterior as well as the medial to lateral direction. It was slightly oriented in the frontal plane. This was consistent with the orientation of the odontoid joint surface, which was located on the anterosuperior part of the dens. There was no clear cartilage layer on this joint surface, which might be due to degenerative changes (wear, irregularity, calcification or absence) related to the age of the specimens.
One other type variant of a third occipital condyle [33] was observed in one specimen with an additional bone connection between atlas and occiput ( Figure 7A,B) . In this specimen, a rough bony articular connection was located between the superior aspect of the anterior arch of the atlas and the inferior aspect of the anterior edge of the foramen magnum. None of the two articulating surfaces showed any cartilage in this older aged specimen, and no joint capsule could be recognized. Additionally, the normal synovial lateral atlanto-occipital joints demonstrated a strange configuration with a lack of congruity between joint curvatures. The oval-shaped joint surfaces were relatively flat to concave in the occipital part and normally concave in the atlantal part.
In one case, a clear consolidation of atlas and occiput was observed due to bony bridging of the left lateral atlanto-occipital joint (Figure 8 ). This was confirmed by a lack of mobility in any direction at the atlanto-occipital level. Such occipitalization may include other soft tissue changes in suboccipital muscles and the passage of the vertebral artery in the atlanto-occipital segment [34] . 
Muscular Attachments to the Joint Capsule of the Lateral Atlanto-Occipital Joint
During dissection several non-systematic observations were made of muscular attachments to the lateral atlanto-axial joints. Mainly fibers of the superior oblique and longitudinal part of the M. longus colli attached to the anterior aspect of the joint capsule ( Figure 9 ). These fibers had a craniocaudal orientation and were directly inserted on the C1-C2 joint capsule. 
The processus Styloideus and Its Relationship with Movements of the Upper Cervical Joints
In cases with a prolonged styloid process, the transverse process of C1 approaches the styloid in a flexed head position ( Figure 10) . As a result, no further segmental movement between the occiput and atlas could be observed in a flexed position (Figure 11 ). In contrast, complex combined 3D movements were possible during axial rotation in an extended position. This may be of great 
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The processus Styloideus and Its Relationship with Movements of the Upper Cervical Joints
In cases with a prolonged styloid process, the transverse process of C1 approaches the styloid in a flexed head position ( Figure 10) . As a result, no further segmental movement between the occiput and atlas could be observed in a flexed position (Figure 11 ). In contrast, complex combined 3D movements were possible during axial rotation in an extended position. This may be of great relevance for clinicians when evaluating or treating mobility disorders of the upper cervical spine. Forced rotation in flexion may harm the osseus and vulnerable tissue laying in between.
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Discussion
The above-described systematic and occasional non-systematic observations of anatomical variability and variants of the upper cervical joint configuration support existing concepts suggesting a need for mobility as well as stability in the upper cervical spine.
Congruency between relative joint surfaces could not be demonstrated in the current sample. The relationship between the anterior to posterior length of the articular joint surfaces as well as between the medial to lateral width relative to the depth/height showed intra class correlations below 0.6 for superior and inferior joint surfaces. Others have observed a similar lack of congruency between superior and inferior atlanto-occipital joint surfaces [35] , although a clear relationship could be demonstrated in the atlanto-axial facet joint areas with slightly larger surface areas for the superior axial compared to the inferior atlantal articular areas [9] .
Although some connective tissue, probably relating to the atlas-dens connection, was present, no atlantal part of the alar ligaments was observed in this study. It is, however, questionable that the observed connective tissue in the present study, lacking a dens fiber organization, would be able to induce sufficient strain to have a direct impact on the kinematics and especially on the stability of the occipito-atlanto-axial joint complex. Others have demonstrated the possible presence of an anterior small but firm atlanto-dental ligament that may support anterior to posterior stability [22] .
It has been suggested that the relatively flat joint configuration between head and spine in children may be related to instability, an increased vulnerability for Whiplash Associated Disorders and a predisposition for the Shaken Baby Syndrome [36] . In adults, the atlanto-occipital joint is considered the most convex-concave joint configuration in the spine [27] . A study by Hallgren described the differences between the orientation of the anterior and posterior aspects of the atlantal facets [31] . The anterior to posterior curvature predisposes for mobility in the flexion-extension direction [36] [37] [38] [39] [40] . Whether any mobility in the frontal and transverse planes may occur in the atlanto-occipital joints remains a questionable issue [41] . Motion components in the frontal and transverse planes are generally considered to be negligible and less than 5 degrees for the overall range of motion [42] [43] [44] . However, some authors have reported motion components in these planes exceeding 10˝depending on the starting position and with a tendency to slightly larger ranges derived from in vitro studies [20, 31] . It can be argued that the combined atlanto-axial joints can be considered as parts of an irregular ball and socket joint, which will allow a certain amount of axial rotation. However, if the anterior to posterior curvature is higher, or if the anterior facets of the joints are more oriented in the frontal plane and more curved in shape, the resulting configuration should be regarded as part of an ellipsoid joint capable of no or only slight axial rotation [45, 46] . This morphological variability may explain some of the variation in the reported ranges of motion [36] .
A biconvex configuration of the lateral atlanto-axial joints has been reported in the literature [20, 29, 30] . The inferior bony joint surface of the atlas is generally flat, whereas the superior aspect of the joint surface of the axis is generally convex in the anterior-posterior direction. However, the anterior to posterior convexity of both lateral joint surfaces can partially be attributed to the joint cartilage and may disappear as a result of degeneration [31] . As such, it can be considered normal that biconvexity could not be demonstrated in the present dataset based on older aged cadaver material.
Muscular attachment of the longus colli muscle to the atlanto-axial joint capsule may help stabilize the joint in a mechanical as well as in a neuromuscular way. As the fibers run longitudinally along the spine, close to the center of the joint, the muscular lever arm is very short and the torque produced will mainly exert a compressive effect in the joint. Given their attachment, they may also function as a tensor of the very lax joint capsule.
As demonstrated in several studies, the contact area between atlanto-axial joint surfaces during full rotational position may be as low as 15% in children [47] and 30% in adults [37] . The distances between the edges of the superior and inferior surfaces show mean values of 7.6 mm (˘0.8 mm) during full active axial rotation in adults [48] . Displacement of the inferior facet of the atlas relative to the superior facet of the axis has also been reported during manual techniques. The displacement induced with a combined motion technique (High Velocity Low Amplitude thrust into rotation) shows a mean value of 5.6 mm (˘2.9) if the whole movement from the neutral position to the end of the maneuver is taken into account. A mean displacement of 0.5 mm (˘0.5) was reported considering only the impulse phase [49] . Compering these values with those from active rotation of the head [46, 47, 50] , it is possible to assume that the inter-vertebral movement induced with such combined motion technique is not able to endanger vital structures such as the vertebral arteries and the spinal cord.
Innervation of the anterior part of the joint capsule has been demonstrated, rising from the ventral plexus of C2 [51] . This supports the rationale that the muscle may exert a proprioceptive function, enhancing the stabilization and control of movement in the atlanto-occipital joint.
It is well-known that a prolonged processus styloideus may cause complaints in the head and neck region. This situation has been described as Eagle's syndrome since 1937 [52] , although it had already been recognized in 1652 as the stylo-carotidic or prolonged processus styloid syndrome by Marchetti. Based on observations of a prolonged styloid process and its impact during axial rotation, it is common sense to avoid forced upper cervical motion in the flexed position in the elderly, especially in cases with long styloid processes. Forceful rotation or forced flexion may compress neurovascular structures such as the arteria carotis interna and externa, vena jugularis interna, accessory, glosso pharyngeal, and vagus nerves, located in the area of the styloid process. Such movements may even cause fracture of the styloid.
Conclusions
This study on the anatomical features of the upper cervical spine support the function of mobility (e.g., relatively flat joint surfaces at the atlanto-axial joint allowing large ranges of motion) as well as stability (muscular attachments to the joint capsules of the atlanto-axial joints) in the atlanto-axial as well as in the atlanto-occipital joints (pronounced anterior to posterior convexity), allowing motion in the sagittal plane, although variable joint facet angulations may restrict motion in specific directions and could be influenced by specific ligament configurations.
Although morphology does not seem to influence motion coupling behavior in the atlanto-axial joint during passive rotatory mobilization [53] , the specific impact of upper cervical morphological variation on segmental kinematics has not yet been documented in relation to daily life activities and clinical situations. Nevertheless, clinicians should take this variability into consideration when planning their interventions.
